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EPPECT OP HUMID IT? ON SEVERAL SUPERCH ARGER PARAMETERS 
"By Herman H. fillerbrdck, Jr. i ahd Arthur W. Goldstein 



INTRODUCTION 



The general practice in the calculation of results 
from supercharger tests is to use constant values of the 
specific heats, gas constant, and ratio of the specific 
heats of the air passing through the supercharger. The 
assumption 1b made that the effects of humidity and tem- 
perature on the gas properties will have a negligible ef- 
fect on the parameters used to describe supercharger per- 
formance and that for all practical purposes the gaa prop- 
erties at some constant temperature and humidity can be 
used. 



The ooject of the present report is to determine if 
the change of c p , c yl V, and R of the air with extreme 

changes of humidity and test-bench temperature will have 
an appreciable effect on eeveral parameters used to deter- 
mine supercharger performRnce. The effects of temperature 
and humidity on the gas properties of normal air are first 
determined end then the effects of changes in the gas prop- 
erties on the supercharger parameters are calculated. Nor- 
mal air is defined aB air of 29.92 inches of mercury pres- 
sure, 68° P temperature, and 36 percent relative humidity. 
The properties of normal air are given in reference 1 and 
are used by the NACA Subcommittee on Superchargers. 

This work wes done at the LMAL during February 1£41. 



ANALYSIS 

Effect of Humidity and Temperature on Gas Properties 



The specific heat of a mixture of dry air and water 
vapor may be written as follows: 



A complete list of definitions of symbols used is given at 
the end of this report. 

From the foregoing equation 



Now 



C P " C P, 



r / 
l + 



\ 



Pm 



- 1 



1 + w m/ w a 



/ —I 



Then 



w m/*a 



1 + w m/ w a 



C P = °P a 



(1) 



Solving equation (l) for c D , the following equation 
is obtained: 



c P a = C P 



1 - / I ) /f2» - 1^ 



1 - r c 



/ 



(2) 



When r = r n , then c p = c p n ■ Substituting these values 
in equation (2) 



°Pa = °Pn 



1 - 



I *n \ / C P S ; 



I 1 ' r v \ cp » ; /, 



- ll 



(3) 



Substituting this value of c v in equation (l) 



r /, 



1 - r, 



(4) 
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where Ar = r - r n . Equation (4) gives the specific heat 

at constant pressure with any specif ie_ humidity r in 
terms of the specific humidity and specific heat of normal 
air. In like manner, an equation can be derived for c v , 

or 



c v 3 



1 + 



.1 



I 



i \ 



1. - r. 



(5) 



By dividing equation (4) by equation (5), the ratio 
of specific heats at any specific humidity r is obtained 

in terms of the ratio of specific heats with a specific 
humidity r n , or 



n 



1 - 



.Ail 



Kn ' c Pn/ 



1 - r 



n 



i + i-^i - i 



1 - r. 



,(6) 



The formula for the gas constant of a mixture of dry 
air and water 

£ _ R a w a * R m w m 

w o + w_ 
a m 



or 



* = R a [l - r(>- l)J 



(7) 



but 



3m ^ 
H a ~ ^m 



where m- 1b the molecular weight of a gas. Then 
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E = E 



a.[l + (St' O r ] 



(8) 



Solving equation (8) for E a , letting r = r n bo 
that E = E n , gives 



Substituting equation (9) in equation (8), gives the fol- 
lowing equation! 



The most convenient way to determine supercharger 
parameters is to base the calculations on normal air 
properties, end then apply correction? "based upon the 
changes in the gas properties from normal eir values. 
The ohangee in c p , c v , V, and E in increments of 

their values for normal air are shown in the following 



equations which were obtained from eauations (4), (5), 
(6), and (10): 





(9) 





(10) 




(11) 




(12) 




Ar 



1 + 



m 




1 - r. 



(13) 



4R 
R 



(&-0 



Ar 



(14) 



Formulae for the variation with temoerature of c 



and 



Pa' 

are given in reference 2. The spe- 



c_ , c_ 
Pm v a 

cific heats V and E. should he ohtained for the Bver- 

age supercharger air temperature, hut calculations from 
the formulae in reference 2 showed little change in the 
values from 68° to 212° 3", the latter "being the average 
air temperature assumed. lor normal test-hench conditions, 

then, the gas ■ properti es may he considered as constant 
with respect to temperature variations. The values will 
he taken at 68° P. 



The Effect of Changes in Gas Properties 
on Supercharger Parameters 



The effects of the foregoing changes in gas proper- 
ties on various supercharger parameters will now he deter- 
mined. The NACA measures the volume of air with a thin- 
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plate orifice, and it can "be shown from the formula for flow 
through the orifioe that the volume of air Q at the in- 
let of the supercharger varies with the gas constant H as 
follows : 



(15) 



where K is a value not dependent on humidity. 



dQ _ 1 ZdH 



(16) 



Substituting the value of Q, in equation (16) gives 



dQ. ^ 1 dR 
Q * 2 E 



(17) 



or, the percent change in volume at the inlet of the 
supercharger is equal to half the percent change in H. 

One parameter that 1b used to a great extent in 
'supercharger plots is H ad , the adiabatic work per 

pound' of air. Now H fld can "be obtained from the formula 



H 



ad = c p T lt l 



(18) 



where T 
charger , 



! is total temperature at the inlet of the super- 



F absolute. 



Pat 



total pressure at outlet of supercharger, inches 
mercury absolute 



Pit total pressure at inlet of supercharger, inches 
mercury absolute 
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The adiahatic efficiency ie then equal to 



, B H bA **t Y (19) 

ad c p (T 3t - T lt ) T 3t - T lt 

where T a t ie the total temperature at the outlet of the 
supercharger . 

Differentiating Y, 



or 



Pit 

dY = (Y + 1) log e — y» 



(20) 



Now 

log e ( Y + 1 ) = *-=-L log e (^") (3D 
Pat 

Substituting for log e — — ■ its value as determined from 

"It 

equation (21) in equation (20) and dividing "by Y the 
following equation is obtained 



^-(Hrr)L( 1 + 0 10 " + V- < 2 => 

also 

d(H ad ) = d(c I lt Y) = T lt Y dc p + e p T lt dY 



- c v T lt Y 

'P 
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Then 

^aT °p .. t23) 

or the percent change in H a( ^ is equal to the sum of the 

percentage changes in c p and 7. 



I Y \ T it Y * Y dY 

d " ad = d U 3t - T lt " T 3t - T lt 7 S ^T 



then 

^ad Y 

or the percentage change in ti n £ equals the percentage 
change in Y. 

The pressure ratio corrected to 60° F is given by 



(— ) - f 1 + irtV?^ < 25 > 

^Pit<3 0 ^ 519.6 J 

Differentiating equation (25) and dividing by 
(Pat/Pit) 60 gives 



Pit^ 



(Pit) 
^Pit'eo 



/ 



\ 



±0. _ 



519. 6 



- 1 



it 



dY 



(26) 



519.6 



Another parameter that is used is the pressure coef- 
ficient which in defined as 
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Had 
lad 3 ^tjfe 

where V 1b the impeller tip speed. Then 

flfid m *E&iL m l£p. + £1 (27) 
<lad H ad c p Y 

as shown in equation (23). In like manner, the shaft ef- 
fioiency, ti 8 , sometimes used is defined as 

^8 p 

where W is the rate of air flow and P is the net shaft 
power. Then 

3 + dH al(|) 

(The power measurement does not depend upon calculations 
involving humidity.) 



Or 

'dH 
Qd 



Then 



dT) dH a dW 

—i , — a* + — (28) 
11 s H ad W 



From equation (15) and the gas laws, it can he. shown 

that 

= - 1 4£ (29) 
W 2 R 
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Substituting equations (23) and (29) in aquation (28), 
the change of n a with change in c p , Y , and R is ob- 
tained. Or 

dTU dc B dT 1 dH , v 

1 » — E + - - (30) 

Tl 8 e T 2 H 



METHODS 

The method of determining the change in gas proper- 
ties from their values for normal air with change of hu- 
midity is to first substitute the values of c p , c v , Y, 

and r for normal air and the values of c_ , c_ , ji_ , 

^m v m H 

and n m in equations (ll), (12), (13), and (14). The 

values of the gas properties and specific humidity are 

obtained from reference 1 and the values of c_ and 

Pm 

c Vn from reference 2. Somewhat different values of Cp m 

and c Vn are given in the A.S.H..V.E. Guide, 1935 and in 

the International Critical Tables. Because of thiB dis- 
agreement, the values shown below were chosen arbitrarily. 
The values are summed up as follows: 

p n 29.92 in. Hg abs . 

T n 527.6° F abs. 

r n 0.00522 pound per pound 

c pn 189.05 ft lb/lb/°T or 0.2430 Btu/lb/°F 



c Vn 135.55 ft lb/lb/°F or 0.1742 Btu/lb/ 0 ! 1 
Y n 1.3947 



c pjn 0.4466 Btu/lb/°P 
0.3396 Btu/lb/ 0 F 



m 
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H a 28.95 l"b/mol 
H m 18.016 lb/mol 



Substitution of the foregoing values in ea.net ions 
(11) to (14) results in the following equations: 



^E- = 0.8423 (r - 0.00522) (31) 



C Pn 



Ac 



= 0.9545 (r - 0.00522) (32) 

c v, 



AV 0.1123 (r - 0.00522) 

Y n * " 1 + 0.9545 (r - 0.00522) 



(33) 



= 0.6050 (r - 0.00522) (34) 

a n 



The changes in the gae properties are then obtained 
from the foregoing formulas and a humidity chart bb fol- 
lows: From the relative humidity and the dry "bulb read- 
ing (air temperature), or from the dry and wet "bulb reed- 
ing, the mixing ratio or the specific humidity r may 
be obtained, depending upon the chart used. Then from 
the value of r, the gas properties may be calculated. 

If r ia expressed in grains per pound, ea.uations 
(31) to (34) will change to 



0.0001203 (q - 36.5) (35) 



0.0001364 (q - 36.5) (36) 



Ac 



P 
! Pn 



Ac, 



'▼n 
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fry 0.00001604 (q - 36.5) 

y n = " 1 + 0.0001364 (q - 36.5) (37) 



A "R 

— - = 0.00008643 (o - 36.5) (38) 

where q Is the specific humidity in grains per pound. 

The changes in supercharger parameters for changes 
in ges properties as caused "by changes in humidity are 
obtained hy substitution of equations (35), (3?), and (38) 
where needed in equations (17), (33), (33), (34), (36), 

(37), end (30). The factor (.1 + log e (l + T) in 

equation (33) in the range 1 < £3. < 3 varies from 1.000 

to 1.100. At the value p 3 /pj ■ 1.5, ^1 + *-J log e (l + T) 

= 1.058. The value 1.06 will he assumed as sufficiently 
accurate for the whole range of operation. The extreme 
value of the error in the factor iathe use of 1.06 where 

1 < < 2 is then 6 percent. Assuming a large value 
Pi 

dY 

for ~y~ such as 1 percent, then an error of 6 percent 

will make thiB value 1.06 percent. Then the error in Y 
is only 0.06 percent. In like manner, the error in 
dTi ad /n ad would he 6 percent and the error in n Q4 only 

0.06 percent. Therefore f 1 + ^-^log e (l + Y) = 1.06 may 

be used with sufficient accuracy over the range of super- 
charger operation. The resulting equations for changes 
in supercharger parameters with changes of humidity are: 



AO 

= 0.00004331 (q - 36.5) (39) 



— K 0.00004315 (q - 36.5) . . 

Y = " 1 + 0.0001364 (q - 36.5) 
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The approximation will be made thetcl + 0.0001364 (q - 36.5) 
= 1. 

Then 



= 1 ° 

- > 



= (0.0001203 - 0.00004315) (q - 36.5) 

Sad 

* 0.00007715 (q - 36.5) (41) 



^— . - 0.00004315 (q - 36.5) (42) 
*ad 



Pat \ / T lt 



(pit ) 6Q ' 519 ' 6 



- 0.0001524 — Kq - 36.5) (43) 



/Pat\ V T it 

(sit).. V + 



519. 6 



^1*2, = 0.00007715 (q - 36.5) (44) 
lad 



^B- = 0.00003394 (q - 36.5) (45) 

Equations (39) to (45) give the increments to add to 
or subtract from the supercharger parameters for changes 
of humidity from that for normal air. 



RESULTS 



In order to give an idea of the variation to be ex- 
pected under ordinary operating conditions, the values of 
c , c T , Y , and H. for wet air have been calculated for 
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various temperatures to be expected to occur throughout 
the year, and for various relative humidities at those 
temperatures. The temperatures given are outside air tem- 
peratures, but the results are not affected by the arti- 
ficial heating of air inside the building if no water va- 
por is added by an air-conditioning system. The specific 
humidity is not affected by the heating and it is upon 
this quantity which the gas properties depend. Table I 
shows the variation in percent of the gas properties of 
the wet air as compared with normal air calculated ac- 
cording to equations (31), (33), (33), and (34). The 
humidity values were obtained from the Eulkeley Psy- 
chrometric Chart from the A. S.E.7.3. Guide for 1935. A 
more detailed table for variation of "Y may be found on 
page 10 of reference 1. The variation of Y with humid- 
ity is negligible but the change in Cp from a cold, dry 

day to a hot, humid day is more than 3 percent, the ohange 
in o 7 about 4 percent, and the change in E a little 

les? than 2% percent. At present, in supercharger cal- 
culations the gas properties are based on air at a tem- 
perature of 68 s F and 36 percent relative humidity. 
Table 1 shows that the change in Op from this condition 

to that for a hot, humid day is about 3 percent, the 
change in c v about Z% percent, and the change in & a 

little more than 2 percent. 

For an extreme case of 100° I end 97-percent rela- 
tive humidity, the changes in the supercharger parameters 
from their values for normal air will be: 

^ - 0.00004321 (290 - 36.5) X 100 » 1.1 percent 



AH 



fii * 0.00007715 (290 - 36.6) x 100 = 2.0 percent 



H ad 



AT| 



T| 



^ - -0.00004316 (290 - 36.5) x 100 = -1.1 percent 



ad 



Aq 



- 0.00007715 (290 - 36.5) x 100 ■ 2.0 percent 
lad 



S. « 0.00003394 (290 ~ 36.5) x 100 « 0.86 percent 
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In most supercharger test w,ork, the weather changes 
are not as ^ e+ere as those assumed in the above calcula- 
tioha, and Constant values of the gas properties can he 
assumed. It is recommended that normal air gas proper^ 
ties be used, in calculating supercharger parameters un- 
less the specific humidit7 changes more than 55 grains 
per pound from its value for normal air. Corrections 
then should be applied to the supercharger parameters 
according to equations (39) to (^5)« 



Langley Memorial Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
langley Field, Ta. 
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SYMBOLS 

Cp Bpecific heat of gas at constant pressure, Btu per 
°3F per pound or foot-pounds per °T per pound 

c v specific heet of gas et constant volume Btu per °T 
per pound or foot-poundB per °F per pound 

H ad isentropic increase in total enthalpy per unit mass 
for a given pressure rise, foot-pounds per pound 
mass 

p pressure of gas, inches of Hg (ahs.) obtained 

from corrected "barometric pressure and pressure 
readings 

q specific humidity of gas, grains (H 3 0) per pound 
(mixture ) 

O-ad pressure coefficient 

Q, volume flow at supercharger inlet, cubic feet per 
second 

r specific humidity of gas, pounds (H 3 0) per pound 
(mixture) 

H gas constant for a particular gas, Btu per °F per 
pound or foot-pounds per °T per pound 

T temperature of gas, degrees Rankine 

V tip speed of impeller, feet per second 

W flov rate, pounds per second 

v specific weight of gas or vapor, pounds per cubic 
foot 




Y s Op 
Cv 
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Ar = r - f n 

i ad adia"batic efficiency * 
Ti B adia"batic Bhaft efficiency 





molecular 


weight, poundB per mol 








SUBSCRIPTS 


a 


refere 


to 


dry air * 


m 


refers 


to 


moisture 


n 


refers 


to 


normal air 


t 


refer 8 


to 


total (or stagnation) value 


X 


refer 8 


to 


supercharger inlet condition 


w 


refers 


to 


supercharger outlet condition 


60 


refers 


to 


the pressure ratio corrected to inlet 



temperature of 60° J, on the assumption that 
T lt Y = (459.6 + 60) Y co 



L 



TABLE I 



Outside-air 
temperature 

(°« 


Relative 
humidity 

(percent) 


Specific 
humidity = r 

(lb/lb) 


bx 
(r-r n ) 

(lb/lb) 


Jl x 100 
°Pn 

(percent) 


Ac-. 

JZ x 100 
(percent) 


^ x 100 
(percent) 


100 
(percent) 


100 


97 


O.OU143 


O.O3621 


3.O5 


3.46 


2.19 


-O.39 


100 


46 


.01886 


.01364 


1.15 


I.30 


-4 mm 

.83 


-.15 


100 


10 


.00406 


-.00116 


-.10 


-.11 


-JO 


-.01 


68 


100 


.01444 


.00922 


•78 


.88 


.56 


-.10 


68 


36 


.00522 


.00000 


.00 


.00 


.00 


.00 


68 


10 


.001433 


-.00379 


-.32 


-36 


-.23 


.04 


30 


100 


.00344 


-.00178 


-.15 


-.17 


-.11 


.02 


30 


50 


.00171 


-.OO351 


-.30 




-.21 


.04 


30 


10 


.OOO34 


-.00488 


-.41 


-*7 


-.30 


.06 
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